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_-'1.

- A SYSTEM FOR CONTROLLING DAMPING
FORCE OF SHOCK ABSORBERS BY ADAPTIVELY
ADJUSTING THE DESIRED ACCELERATION
EXPANSION/ CONTRACTION OF THE SHOCK

- ABSORBERS

BACKGROUND OF THE INVENTION

This application is generally related to a number of
- other applications which each define suspension control
systems. Each of these related applications has been
given an application number as listed below:

APPLN. # FILING DATE

NAME ATTN-DOCKET #
Tsutsumi  07/520,185 May 8, 1990 78879CDCTY00
Tsutsumi 07/580,387 Sept 11, 1990 21282CDCTY
Tsutsumi 07/580,388  Sept 11, 1990 81283CDCTY
Tsutsumi 07/622,534 82667CDCTY

Dec 5, 1990

1. Field of the Invention |

The present invention relates to a damping force
control system for controlling the damping forces of
shock absorbers depending on the acceleration of ex-
pansion of the shock absorbers. |

2. Prior Art |

One pmposed damping force control system for con-
trolling the damping forces of shock absorbers mounted
on a motor vehicle 1s disclosed in Japanese Laid-Open
Patent Publication No. 62-221907 published Sep. 30,
1987. The disclosed damping force control system de-
tects road conditions based on the acceleration of ex-
pansion/contraction the shock absorbers, and varies the
damping forces of the shock absorbers depending on the
detected road conditions for thereby reducing vertical
vibration of the motor vehicle. |

Various devices have been employed to detect the

acceleration of expansion/contraction a shock absorber.
According to one arrangement, an expansion/contrac-
tion acceleration 1s detected based on a change in an
output signal from a stroke sensor which detects the
stroke of the piston in the shock absorber, as disclosed

5

2

Therefore, if the sensors associated with the respective
shock absorbers have sensitivity variations, then the
damping forces of the shock absorbers are varied at
different frequencies, and the motor vehicle gives pas-

sengers poor riding comfort.

To solve the above problem, it is necessary to employ
expansion/contraction sensors having uniform sensitiv-
ity or output characteristics. However, it 1s practically
difficult to make uniform the output characteristics of

10 vartous sensors uniform. Even if the sensors are initially

15

20

adjusted to uniform their output characteristics, their
output characteristics will vary with time during usage.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a
damping force control system for controlling shock
absorbers on a motor vehicle so that their damping
forces will be varied or switched over at a uniform
frequency so as not to impair the riding comfort on the
motor vehicle, even if sensors used for detecting the
expansion/contraction acceleration of the shock ab-
sorbers have different sensitivity or output characteris-

tics.

25

30

35

in the above publication. According to another pro-

posal, a piezoelectric load sensor which comprises a
laminated piezoelectric assembly is disposed between a

shock absorber housing and a piston rod, and an expan-

ston/contraction acceleration 1s detected based on a
change in an electric charge generated by the piezoelec-
tric load sensor. o

The damping force control system includes a plural-
ity of such expanding/contracting acceleration sensors
attached respectively to the shock absorbers that are
incorporated in suspensions by which road wheels are
supported. The damping forces of the shock absorbers
are independently controlled based on the signals de-
tected by the respective sensors. If the detecting sensi-
tivities of the sensors are different from each other,
however, the damping forces of the shock absorbers
tend to vary or switch over at dlfferent frequenc:es
resulting in poor riding comfort.

More specifically, the damping force of a shock ab-
sorber 1s varied as follows: The expansion/contraction
acceleration of the shock absorber is detected by a
stroke sensor or piezoelectric load sensor of the type
described above. If the detected acceleration is greater
than a preset threshold level, then the control system
determines that the road surface has large irregularities,
and reduces the damping force of the shock absorber.

45

30

55

65

According to the present Invention, there i1s provided
a damping force control system in a motor vehicle hav-
ing a motor vehicle body and road wheels rotatably
supported on the motor vehicle body, the damping
force control system has front left, rear left, front right,
and rear right shock absorbers coupled between a
motor vehicle body and the respective road wheels and
damping forces variable selectively into at least two
levels, detecting means for detecting the expansion/-

‘contraction accelerations of at least the front left and

front right shock absorbers, control means for compar-
ing the detected expanding/contracting accelerations
with preset accelerations, respectively, and for individ-
ually switching over the damping forces of the shock
absorbers as a result of the comparison the present in-
vention also has, comparing means for calculating the
frequencies of switching over of the damping forces of
the shock absorbers, the expansion/contraction acceler-
ations of which are detected, in a predetermined period
of time, and for comparing the calculated frequencies
with a reference frequency. A and correcting means
corrects the preset accelerations as a result of the com-
parison, by the comparing means, so that the damping
forces of the shock absorbers will be switched over at a
uniform frequency by the control means or the damping
forces of the front left and rear left shock absorbers and
the damping forces of the front right and rear right
shock absorbers will be switched over at a constant
frequency by the control means.

According to the present invention, there is also pro-
vided a damping force control system in a motor vehi-
cle having a motor vehicle body and front and rear road
wheels rotatably supported on the motor vehicle body.
The damping force control system has shock absorbers
coupled between a motor vehicle body and the respec-
tive front and rear road wheels and damping forces
variable selectively into at least two levels, detecting
means for detecting the expanding/contracting acceler-
ations of the shock absorbers, control means for com-
paring the detected expansion/contraction accelera-
tions with preset accelerations, respectively, and for
individually switching over the damping forces of the

shock absorbers as a result of the comparison. A switch-

over comparing means compares a switchover condi-

tion of the damping forces of the shock absorbers asso-
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3

ciated with the front road wheels with a switchover
condition of the damping forces of the shock absorbers
associated with the rear road wheels while the motor
vehicle is running straight ahead. In edition, a correct-

ing means corrects the preset accelerations as a result of 5

the comparison, by the switchover comparing means,
so that the damping forces of the shock absorbers asso-
ciated with the front and rear road wheels will be
switched over to one of the two levels by the control
means while the motor vehicle is running straight
ahead.

The above and other objects, features and advantages
of the present invention will become more apparent
from the following description when taken in conjunc-
tion with the accompanying drawings in which pre-
ferred embodiments of the present invention are shown
by way of illustrative example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11is a block diagram of a damping force control
system according to the present invention;

FIG. 2 is a perspective view of the damping force
control system;

FIG. 3A is a fragmentary cross-sectional view of a
variable-damping-force shock absorber;

FIG. 3B is an enlarged perspective view, partly cut
away, of a piezoelectric load sensor in the shock ab-
sorber;

FIG. 4 is a diagram showing damping force charac-
teristic curves of the shock absorbers;

FIG. 5 1s a block diagram of an electronic controller
of the damping force control system;

FIG. 6 1s a circuit diagram, partly in block form, of a
circuit for detecting the rate of change of damping
forces:

FIGS. 7(A) through 7(D) are diagrams showing op-
eratton of the circuit for detecting the rate of change of
damping forces and a control process for varying damp-
ing forces; | . .

F1G. 8 is a circuit diagram of a driver circuit;

FIGS. 9A and 9B are a flowchart of a damping force
varying process;

FIGS. 10A and 10B are a flowchart of a threshold
level learning process:;

FI1GS. 11A and 11B are a flowchart of another 45

threshold level learning process;

FIGS. 12 and 13 are flowcharts of still other thresh-
old level learning processes;

FIGS. 14A and 14B are a flowchart of another damp-
ing force varying process; and

FIG. 15 is a flowchart of yet another threshold level
learning process.

DETAILED DESCRIPTION

As shown in FIG. 1, a damping force control system
according to the present invention comprises front left,
rear left, front right, and rear right shock absorbers
M1a, M1b, M1c, M1d coupled between a motor vehicle
body and respective road wheels and having damping
forces selectively switchable into at least two levels,
detecting means M2a, M2b, M2c, M2d for detecting the
expansion/contraction accelerations aa, ab, ac, ad of
the shock absorbers M1a, M1b, M1c, M1d, respectively,
control means M3a, M3b, M3c, M3d for comparing the

detected expansion/contraction accelerations aa, ab, 65

ac, ad, respectively, with preset accelerations ao and
for individually switching over the damping forces of
the shock absorbers as a result of the comparison. A

4

correcting means M4 corrects the preset accelerations
so that the damping forces of the shock absorbers M1a,
M1b, M1c, M1d will be switched over at a uniform
frequency by the control means M3a, M3b, M3c, M3d
or the damping forces of the front left and rear left
shock absorbers M1a, M1b and the damping forces of
the front right and rear right shock absorbers M1c, M1d
will be switched over at a uniform frequency by the
control means M3a, M3b and the control means M3c,
Ma3d, respectively.

In operation, the expansion/contraction accelerations
aa, ab, ac, ad of the shock absorbers M1a, M1b, Mlic,
M1d are detected by the respective detecting means
M2a, M2b, M2c, M2d, and compared with the preset
accelerations ao by the control means M3a, M3b, M3c,
Ma3d, respectively, which individually vary the damp-
ing forces of the shock absorbers M1a, M1b, M1c, M1d
as a result of the comparison. The correcting means M4
corrects the preset accelerations ao so that the damping
forces of the shock absorbers M1a, M1b, M1c, M1d will
be switched over at a uniform frequency by the control
means M3a, M3b, M3c, M3d or the damping forces of
the front left and rear left shock absorbers M1a, M1b
and the damping forces of the front right and rear right
shock absorbers M1c, M1d will be switched over at a

-uniform frequency by the control means M3a, M3b and

the control means M3c, M3d, respectively.

Therefore, even if the detecting means M2a, M2b,
M2c, M2d have different sensitivities or output charac-
teristics for detecting the respective expansion/con-
tracting accelerations —a, ab, ac, ad, the damping
forces of the shock absorbers M1a, M1b, M1c, M1d can
be varied at a uniform frequency, or the damping forces
of the front left and rear left shock absorbers M1a, M1b
and the damping forces of the front right and rear right
shock absorbers M1c, M1d can be varied at a uniform
frequency. As a consequence, the riding comfort of the
motor vehicle 1s improved.

More specifically, as shown in FIG. 2, a shock ab-
sorber damping force control system, generally desig-
nated by the reference numeral 1, incorporated in a
motor vehicle includes a front left shock absorbers 2FL,
a front right shock absorbers 2FR, a rear left shock
absorber 2RL, a rear right shock absorber 2RR, a vehi-
cle speed sensor 3 for detecting the speed of travel of

the motor vehicle, and an electronic controller 4 for
controlling the shock absorbers 2FL, 2FR, 2RL, 2RR.

- The shock absorbers 2FL, 2FR, 2RL., 2RR are con-

structed such that their damping forces are variable.

As described later on, the shock absorbers 2FL, 2FR,
2RL, 2RR have respective piezoelectric load sensors
for detecting the damping forces produced thereby, and
respective piezoelectric actuators for wvarying or
switching over the damping forces of the shock absorb-
ers 2FL, 2FR, 2RL, 2RR.

The shock absorbers 2FL, 2FR, 2RL, 2RR and coil
springs 8FL, 8FR, 8RL, 8RR disposed therearound are
coupled between a vehicle body 7 and suspension lower
arms 6FL, 6FR, 6RL, 6RR, respectively, connected to
front left, front right, rear left, and rear right road
wheels SFL, SFR, SRL, SRR, respectively.

A detected signal from the vehicle speed sensor 3 is
applied to the electronic controller 4, which then
supplies control signals to the piezoelectric actuators of
the shock absorbers 2FL, 2FR, 2RL, 2RR.

The construction of the shock absorbers 2FL, 2FR,
2RL, 2RR will be described below. Since the shock
absorbers 2FL, 2FR, 2RL, 2RR are structurally identi-
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cal to each other, only one of them, the shock absorber
2FL associated with the front left road wheel SFL, for

example, will be described below.

~ As shown in FIG. 3A, the shock absorber 2FL com-
prises a cylinder 11 and a main piston 12 slidably fitted
therein for movement in axial directions indicated by
the arrows A, B. The interior space of the cylinder 11 is
divided into first and second hydraulic pressure cham-
bers 13, 14 by the main piston 12. The main piston 12 is
coupled to one end of a piston rod 15, the other end of
which is connected to a shaft 16. The cyhnder 11 has a
lower end (not shown) connected to the lower arm 6RL
which supports the front left road wheel SFL.. The shaft

16 has an upper end (not shown) coupled to the motor .

vehicle body 7.

The main piston 12 has an expanswn—mde fixed orifice
17 and a contraction-side fixed orifice 18 through both
of which the first and second hydraulic pressure cham-
bers 13, 14 are held in fluid communication with each
other. Plate valves 17a, 18a are mounted respectively
on the opposite ends of the main piston 12 over the
outlet ends of the fixed orifices 17, 18. The plate valves
17a, 18a serve to allow working oil to flow through the
fixed orifices 17, 18 in only one direction therethrough.

When the main piston 12 slides in the cylinder 11 in
the axial directions indicated by the arrows A, B, work-
ing oil flows through the fixed orifices 17, 18 between
the first and second hydraulic pressure chambers 13, 14.
The damping force of the shock absorber 2FL is deter-
mined by the cross-sectional area of a passage (includ-
ing the fixed orifices 17, 18) through which the working
oil flows across the main piston 12 between the first and
second hydraulic pressure chambers 13, 14.

The piston rod 15 has an axial hollow space defined
therein that houses a piezoelectric actuator 19FL in the
form of a laminated piezoelectric element made of a
piezoelectric ceramic material such as PZT or the like.
A piston 20 is disposed in closely confronting relation to

the lower end of the piezoelectric actuator 19FL. The:

piston 20 1s axially slidable in the hollow space in the
piston .rod 15, and is normally urged to move in the

direction indicated by the arrow A by means of a leaf

spring 20a acting on the lower end of the piston 20.

When a voltage which 1s as high as several hundred
volts 1s applied to the piezoelectric actuator 19FL to
- expand the actuator 19FL, the piston 20 is moved sev-
eral tens of um in the direction indicated by the arrow
B. When the electric charges which have been stored in
the piezoelectric actuator 19FL by the application of a
voltage thereto are discharged, the piston 20 springs
back in the direction indicated by the arrow A under
the bias of the leaf spring 20a. The piezoelectric actua-
tor 19FL is charged and discharged through leads 194
extending through a passage that is defined axially in the
shaft 16. -

The surface which defines the interior space of the
piston rod 15 and the lower surface of the piston 20
jointly define a sealed oil chamber 21. A cylindrical
plunger 22 is slidably fitted in a through hole which is
defined axially in the piston rod 15 and communicating
with the bottom of the sealed oil chamber 21. The
plunger 22 has a lower end joined to the upper end of a
spool valve 24 slidably fitted in a hole defined axially in
a housing 23 fixed to the piston rod 15. The main piston
12 1s mounted on the housing 23.

The spool valve 24 is normally urged to move in the
direction indicated by the arrow A by means of a spring
25 disposed around the spool valve 24 in the housing 23.

6

The spool valve 24 has an annular groove 24a defined in
a lower outer peripheral surface thereof. The lower-
most portion of the spool valve 24 is of a cylindrical
shape.

The housing 23 fixed to the piston rod 15 has an

- auxiliary passageway 26 which provides fluid commu-
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nication between the first and second hydraulic pres-
sure chambers 13, 14. The auxiliary passageway 26 1s
normally closed by the lowermost portion of the spool
valve 24 which is biased in the direction indicated by
the arrow A by the spring 28.

When a plezoelectnc actuator 19FL is expanded to
move the piston 20 in the direction indicated by the
arrow B by applying a voltage of several hundred volts
to the piezo-electric actuator 19FL, the pressure in the
sealed oil chamber 21 builds up to move the plunger 22

~ and the spool valve 24 also in the direction indicated by
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the arrow B until the auxiliary passageway 26 1s opened
by the annular groove 24a of the spool valve 24. There-
fore, the first and second hydraulic pressure chambers
13, 14 are brought into communication with each other
through the auxiliary passageway 26. The cross-sec-
tional area of the working oil passage through the main
passage 12 is thus increased, and hence the rate of flow
of the working oil between the first and second hydrau-
lic pressure chambers 13, 14 is increased. The damping
force of the shock absorber 2FL is now reduced below
a normal level.

~ Therefore, application of the voltage to the piezo-
electric actuators 19FL, 19FR, 19RL, 19RR in the
shock absorbers 2FL, 2FR, 2RL, 2RR expands the
piezoelectric actuators 19FL, 19FR, 19RL, 19RR,
whereupon the damping forces change to a low level
(soft) as shown in FIG. 4. Normally, the damplng forces

are maintained at a high level (hard) as shown in FIG.
4.

A piezoelectric load sensor 31FL for detecting the
magnitude of the damping force produced by the shock
absorber 2FL is fixedly mounted in an upper portion of
the shaft 16 by means of a nut 32. As also shown in FIG.
3B, the piezoelectric load sensor 31FL comprises two

-thin piezo-electric plates 31A, 31B made of a ceramic

material such as PZT or the like, and an electrode 31C
sandwiched between the piezoelectric plates 31A, 31B.
A detected signal from the piezoelectric load sensor
31FL 1s fed to the electronic controller 4 over a lead 314
extending through the passage in the shaft 16.

~ As illustrated in FIG. 5, the electronic controller 4 is
in the form of a logic arithmetic unit including a central
processing unit (CPU) 4g, a read-only memory (ROM)
4), and a random access memory (RAM) 4¢c. The CPU
4a, the ROM 4), and the RAM 4c are connected to
input and output interfaces 4e, 4/ through a common bus
4d for receiving and transmitting signals.

Detected signals from the piezoelectric load Sensors
31FL, 31FR, 31RL, 31RR are applied to the CPU 44
through a circuit 35 for detecting the rate of change of
damping forces and also through the input interface 4e.
A detected signal from the vehicle speed sensor 3 is
applied to the CPU 4a through a waveform shaper 36
and the input interface 4e.

The CPU 4g transmits control signals to the piezo-
electric actuators 19FL, 19FR, 19RL, 19RR through
the output interface 4/ and a driver 37.

The damping-force rate-of-change detecting circuit
35 corresponds to the detecting means M2a, M2b, M2c,

M2b (describe above) which detect expansion/contrac-

tion accelerations of the shock absorbers 2FL, 2FR,
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2RL. 2RR based on the detected signals from the piezo-
electric load sensors 31FL, 31FR, 31RL, 31RR. As
shown in FIG. 6, the dampingforce rate-of-change de-
tecting circuit 35 comprises four detectors 41FL, 41FR,
41RL, 41RR coupled respectively to the piezoelectric
load sensors 31FL, 31FR, 31RL, 31RR, and four ana-
log-to-digital (A/D) converters 42FL, 42FR, 42RL,
42RR for converting analog output signals from the
detectors 41FL, 41FR, 41RL, 41RR to corresponding
digital signals.

Operation of the detectors 41FL, 41FR, 41RL, 41RR
will be described below. Since these detectors are iden-
tical in structure to each other, only the detector 41FL
will be described in detail.

As illustrated in FIG. 6, the detector 41FL has a
resistor R1 connected parallel to the piezoelectric load

10
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sensor 31FL. When the shock absorber 2FL is ex-

panded or contracted, electric charges depending on
the damping force generated thereby are generated
across the piezoelectric load sensor 31FL and flow
through the resistor R1. Therefore, an electric current
flows through the resistor R1 each time the damping
force of the shock absorber 2FL varies. The value of the
current represents the rate of change of the damping
force of the shock absorber 2FL. The detector 41FL
detects the current flowing through the resistor R1
based on a voltage produced across the resistor R1, and
supplhies the A/D converter 42FL with the detected
current as a detected signal indicative of the rate of
change of the damping force produced by the shock
absorber 2FL.

More specifically, the voltage produced across the
resistor R1 is applied through a resistor R2 to a noise
filter EMI comprising two coils L1, L.2 and a capacitor
C1, by which any high-frequency signal components
such as electromagnetic wave noise are removed from
the voltage. The voltage signal from which the noise
has been removed is then applied to a high-pass filter
HPF which comprises a coupling capacitor C2 and a
resistor R3 to which an offset voltage of 2 volts is ap-
plied. The high-pass filter HPF removes lowfrequency
signal components having frequencies below 0.1 Hz
from the voltage signal, and also increases the voltage
of the voltage signal by 2 V. The voltage signal is there-
after applied to a low-pass filter LPF comprising a
resistor R4 and a capacitor C3, by which high-fre-
quency signal components having frequencies higher
than 100 Hz are removed from the voltage signal. Then,
the voltage signal is applied through a buffer in the form
of an operational amplifier OP1 to the A/D converter
42FL.

If the front left road wheel S5FL runs over a bump on
the road as shown in FIG. 7A and the shock absorber
2FL is contracted and expanded, the voltage across the
resistor R1 (1.e., the voltage at a point a in FIG. 6) varies
as indicated in FIG. 7B. A voltage signal having a fre-
quency range from 0.1 to 100 Hz, with 2 volts added, as
shown in FIG. 7C, is produced as a signal indicating the
rate of change of the damping force from the detector
41FL as shown in FIG. 7D.

The voltage signal having the frequency range from
0.1 to 100 Hz is extracted from the voltage across the
resistor R1 by the high-pass filter HPF and the low-pass
filter LPF because the shock absorber 2FL expands and
contracts in this frequency range.

The detector 41FL has a pair of protective diodes
D1, D2 for protecting the operational amplifier OP1 by
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applying an input voltage ranging from 0 to 5 V to the
operational amplifier OP1.

The driver 37 is responsive to control signals, 1.e.,
damping force switchover signals, applied from the
CPU 44 through the output interface 4/ for energizing
the piezo-electric actuators 19FL, 19FR, 19RL, 19RR
in the respective shock absorbers 2FL, 2FR, 2RL, 2RR.
As shown in FIG. 8, the driver 37 comprises a high-
voltage generator 45 for generating a high voltage, and
charging/discharging circuits 47FL, 47FR, 47RL,
47RR for applying the high voltage from the high-volt-
age generator 45 to the piezoelectric actuators 19FL,
19FR, 19RL, 19RR or discharging the piezoelectric
actuators 19FL, 19FR, 19RL, 19RR in response to the
damping force switchover signals from the CPU 4qa.

The high voltage generator 45 has a DC/DC con-
verter 454 for converting the voltage of a battery on the
motor vehicle to a voltage of 600 volts, and a capacitor
4556 for storing the converted high voltage.

The charging/discharging circuits 47FL, 47FR,
47RL, 47RR are arranged such that they apply the high
voltage to the piezoelectric actuators 19FL, 19FR,
19RL, 19RR when the damping force switchover signal
at a low level 1s applied, and they discharge the charged
high voltage from the piezoelectric actuators 19FL,
19FR, 19RL, 19RR when the damping force switch-
over signal at a high level is applied.

‘The charging/discharging circuits 47FL, 47FR,
47RL, TRR are structurally identical to each other.
Thus, only the charging/discharging circuit 47FL, for
example, will be described in greater detail. Upon appli-
cation of a low-level damping force switchover signal,
a transistor Trl is turned off and a transistor Tr2 is
turned on. Therefore, the high voltage generator 45 and
the piezoelectric actuator 19FL are connected to each
other through the transistor Tr 2 and a resistor R10, so
that the high voltage is applied to the piezoelectric
actuator 19FL. When a high-level damping force
switchover signal is applied, the transistor Trl is turned
on and the transistor Tr2 is turned off. The high voltage
generator 45 and the piezoelectric actuator 19FL are
disconnected from each other. The piezoelectric ‘actua-
tor 19FL 1s grounded through the resistor R10, a diode
D10, and the transistor Trl, thereby discharging the
charges stored in the piezoelectric actuator 19FL..

Therefore, the damping forces of the shock absorbers
2FL, 2FR, 2RL, 2RR are reduced when the high volt-
age 1s applied to the piezoelectric actuators 19FL,
19FR, 19RL, 19RR to expand them, and are increased
when the charges stored in the piezoelectric actuators
19FL, 19FR, 19RL, 19RR are discharged to contract
them. In order to reduce the damping forces of the
shock absorbers 2FL, 2FR, 2RL, 2RR, a low-level
damping force switchover signal should be applied to
the charging/discharging circuits 47FL, 47FR, 47RL,
47RR. Conversely, in order to increase the damping
forces of the shock absorbers 2FL, 2FR, 2RL, 2RR, a
high-level damping force switchover signal should be
applied to the charging/discharging circuits 47FL,
47FR, 47RL, 47RR.

A process of varying or switching over the damping
forces of the shock absorbers 2FL, 2FR, 2RL, 2RR is
carried out by the CPU 4a as follows:

FIGS. 9A and 9B show a damping force varying
routine to be executed repeatedly by the CPU 4g in
order to vary the damping forces of the shock absorbers

2FL, 2FR, 2RL, 2RR.
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- As shown in FIG 9A, counters used in the subse-
quent process and a threshold value for detecting
bumpy road surfaces are initialized in a step 100. Then,
a vehicle speed S detected by the vehicle speed sensor
3 is read in a step 110, and signals VFL, VFR, VRL,
VRR indicative of the rates of change of the damping
forces of the shock absorbers 2FL, 2FR, 2RL, 2RR are
 read from the damping-force rate-of-change detecting

~circuit 33 in a step 120. Thereafter, the damping forces
of the shock absorbers 2FL, 2FR, 2RL, 2RR are varied
or switched over i1n respective steps 130, 140, 150, 160,

10

after which control goes back to the step 110 for re- |

peated execution of the entire process.

The damping forces of the shock absorbers 2FL,
2FR, 2RL, 2RR which are to be varied in the steps 130
through 160 are controlled according to the procedure
illustrated in FIG. 9B. FIG. 9B shows the control pro-
cedure for controlling only the damping force of the
shock absorber 2FL associated with the front left road
wheel SFL. The control procedures for the damping
forces of the shock absorbers 2FR, 2RL, 2RR are the
same as that shown in FIG. 9B and will not be de-
“scribed.

First, a step 200 determines whether the vehicle
speed S read in the step 110 is higher than 0, i.e.,
whether the motor vehicle is running or not. If the
motor vehicle is at rest, then control jumps to a step. 210
in which a time counter CTFL (described later) is reset
to 0, and then control goes to a step 280.

If the motor vehicle is running, then control proceeds
to a step 220 which determines whether the damplng-
force rate- of-change signal VFL read in the step 120 is
higher than an upper limit VreflFL which has been
established with respect to the shock absorber 2FL. If
VFL = VreflFL, then control goes to a step 230 which
determines whether the damping-force rate-of-change
signal VFL is lower than a lower limit Vref2FL. which
has also been established with respect to the shock ab-
sorber 2FL.

The upper and lower limits VreflFL, Vref2FL are
threshold values used for detecting bumpy road sur-
faces from the damping-force rate-of-change signal
VFL, and correspond to the preset acceleratio, de-
scribed above.

If VFL > VreflFL in the step 220 or 1f VFL < V-
ref2FL in the step 230, then the CPU 4¢ determines that
the road has a convex or a concave on its surface, and
control goes to a step 240 in which the time counter
CTFL is set to a time Ts in which to hold a predeter-
mined low (or soft) damping force (hereinafter referred
to as a “soft holding time Ts"). Thereafter, a low-level
damping force switchover signal 1s applied to the char-
ging/discharging ‘circuit 47F1L. to vary or switch over

the damping force of the shock absorber 2FL to a low_
or soft level.

The time counter CTFL which is set to the soft hold-.

ing time Ts in the step 240 is counted down at predeter-
-mined time intervals until the count reaches 0 according
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to a predetermined time counting process. The time

counter CTFL thus counts the soft holding time Ts

when it is set to a value corresponding to the soft hold-

ing time Ts in the step 240.

After the damping force of the shock absorber 2FL
has changed to a low or soft level in the step 250, con-
- trol goes to a step 260 in which a switchover counter
CFL which counts the number of switchovers of the

damping force is counted up. Then, control goes to a
step 270

65
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The step 270 determines whether the count of the
time counter CTFL is O or not. The step 270 is also
executed if VFL =Vref2FL in the step 230. More spe-
cifically, the time counter CTFL is set to the soft hold-
ing time Ts when the damping force changes to a low
level, and then counted down according to the time
counting process. Therefore, whether the low-level

- damping force has continued over a period of time
longer than Ts can be determined by detecting whether

the count of the time counter CTFL is O or not.

If CTFL >0, then the routine of FIG. 9B is brought
to an end, and if CTFL =0, then control proceeds to a
step 80. In the step 280, a high-level damping force
switchover signal is applied to the charging/discharg-
ing circuit 47FL to increase the damping force of the
shock absorber 2FL to a high (or hard) level, and the
piezoelectric actuator 19FL is de-energized. Then, the
process is finished.

According the damping force switchover control
described above, when the front left road wheel S5FL
runs over a bump on the road, and the expansion/con-
traction acceleration of the shock absorber 2FL is in-
creased, and the damping-force rate-of-change signal
VFL detected by the detecting circuit 35 becomes
higher than the upper limit VreflFL or lower than the
lower limit Vref2FL, as shown in FIG. 7 at (A), (B),
and (C), then 1t 1s determined that the road surface is
rough, and the motor vehicle body will vibrate to im-
pair the riding comfort. Thereafter, as shown in FIG. 7
at (D), the damping force of the shock absorber 2FL is
switched over to a low (soft) level for the predeter-
mined period of time Ts to suppress the vibration of the
motor vehicle body.

As described above, vehicle body vibration due to
rough terrain i presumed from the rate of change of the
damping forces o the shock absorbers. If the sensitivities
or output characteristics of the piezoelectric load sen-
sors 31F1L., 31FR, 31RL, 31RR and the detectors 41FL,
41FR, 41R]1., 41RR are different from each other, then

the detected rates of change of the damping forces

differ among the shock absorbers 2FL, 2FR, 2RL, 2RR,
and the damping forces of the shock absorbers 2FL,
2FR, 2RL, 2RR are varied or switched over at different
frequencies.

According to the present invention, even if the damp-
ing-force rate-of-change signals VFL, VFR, VRL, and
VRR which are indicative of the expanding/contract-
ing accelerations of the shock absorbers 2FL., 2FR,
2RL, and 2RR respectively, from each other due to the
different characteristics of the piezoelectric load sensors
31F1., 31FR, 31RL, and 31RR and the detectors 41FL,
41FR, 41RL, and 41RR, the threshold values which are
represented by the upper limits VreflFL, VreflFR,
VreflRL, and VreflRR and the lower limits Vref2FL,
Vref2FR, Vref2RL, and Vref2RR, and are used for
selecting the damping forces of the shock absorbers
2FL, 2FR, 2RL, and 2RR are corrected so that the
damping forces of the shock absorbers 2FL, 2FR, 2RL,
and 2RR will be varied or switched over at a uniform
frequency.

A process of learning the threshold values will be
described below with reference to FIGS. 10A and 10B.
This learning process is executed by the CPU 4qg as a
timer interrupt routine at predetermined time intervals
(each of 1 to 60 sec., for example).

As shown in FIG. 10A, the average n of counts of the
switchover counters CFL, CFR, CRL, CRR which are
counted up when the damping forces of the shock ab-



5,142,475

11

sorbers 2FL, 2FR, 2RL, 2RR are switched over in the
steps 130 through 160 is calculated in a step 300. There-
after, the threshold values for the shock absorbers 2FL,
2FR, 2RL, 2RR are corrected based on the average
count n and the counts of the switchover counters CFL,
CFR, CRL, CRR in respective steps 310 through 340.

More specifically, the threshold values for the shock
absorbers 2FL, 2FR, 2RL, 2RR are learned in the re-
spective steps 310 through 340 as shown in FIG. 10B.
FI1G. 10B shows the process of learning the threshold
values for the shock absorber 2FL associated with the
front left road wheel SFL in the step 310. Inasmuch as
the processes of learning the threshold values for the

other shock absorbers FR, 2RL, 2RR are the same as:

the process of FIG. 10B, they will not be described in
detail.

According to the learning process shown in FIG.
10B, a step 400 determines whether the count of the
switchover counter CFL which represents the number
of damping force switchovers with respect to the shock
absorber 2FL exceeds the average count n or not,
thereby determining whether the frequency at which
the damping force of the shock absorber 2FL is
switched over 1s higher than the average frequency at
which the damping forces of the shock absorbers 2FL,
2FR, 2RL, 2RR are switched over.

If CFL>n, and hence the frequency at which the
damping force of the shock absorber 2FL is higher than

the average frequency at which the damping forces of

the shock absorbers 2FL, 2FR, 2RL, 2RR are switched
over, then control proceeds to a step 410 in which a
preset corrective value AV1 is added to the upper limit
VreflFL and a preset corrective value AV2 is sub-
tracted from the lower limit Vref2FL, thus correcting
these threshold values. By thus correcting the threshold
values VreflFL, Vref2FL., the sensitivity with which
bumpy road conditions are detected is lowered, thus

- lowering the frequency at which the damping force of

the shock absorber 2FL.,is switched over.

If CFL =n in the step 400, then control goes to a step
430 which determines whether the count of the switch-
over counter CFL is smaller than the average count n
or not, thereby determining whether the frequency at
which the damping force of the shock absorber 2FL is
lower than the average frequency at which the damping
forces of the shock absorbers 2FL, 2FR, 2RL, 2RR are
switched over.

If CFL<n, and hence the frequency at which the
damping force of the shock absorber 2FL is lower than

the average frequency at which the damping forces of

the shock absorbers 2FL, 2FR, 2RL, 2RR are switched
over, then control proceeds to a step 440 in which the
preset corrective value AV1 is subtracted from the
upper limit VreflFL and the preset corrective value
AV 2 1s added to the lower limit Vref2FL, thus correct-
ing these threshold values. By thus correcting the
threshold values VreflFL, Vref2FL, the sensitivity
with which bumpy road conditions are detected is in-
creased, thus increasing the frequency at which the
damping force of the shock absorber 2FL is switched
over.

If CFL 1s not smaller than n in the step 430, i.e., if
CFL =n, then control goes to a step 420, which is also
executed after the step 410 or 440. In the step 420, the
switchover counter CFL reset to 0. Thereafter, the

process of learning the threshold values for the shock
absorber 2FL is finished.
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According to the threshold value learning process, as
described above, when the frequency at which the
damping force of each of the shock absorbers 2FL,
2FR, 2RL, 2RR is switched over in a certain period of
time is higher than the average frequency at which the
damping forces of the shock absorbers 2FL, 2FR, 2RL,
2RR are switched over, the threshold values are cor-
rected so as to lower the sensitivity with which bumpy
road conditions are detected. Conversely, when when
the frequency at which the damping force of each of the
shock absorbers 2FL, 2FR, 2RL, 2RR is switched over
in a certain period of time is lower than the average
frequency at which the damping forces of the shock
absorbers 2FL, 2FR, 2RL., 2RR are switched over, the
threshold values are corrected so as to increase the
sensitivity with which bumpy road conditions are de-
tected.

Consequently, those shock absorbers which have a
higher damping force switchover frequency are con-
trolled so that the frequency will be progressively low-
ered, and those shock absorbers which have a lower
damping force switchover frequency are controlled so
that the frequency will be progressively increased, until
finally the damping force switchover frequencies of the
shock absorbers 2FL, 2FR, 2RL, 2RR are uniformized.

Therefore, even if the damping-force rate-of-change
signals VFL, VFR, VRL, VRR indicative of the expan-
ding/contracting accelerations of the shock absorbers
2FL, 2FR, 2RL, 2RR are different from each other
owing to the different characteristics of the piezoelec-
tric load sensors 31FL, 31FR, 31RL, 31RR and the
detectors 41FL, 41FR, 41RL, 41RR, the damping force .
switchover frequencies of the shock absorbers 2FL,
2FR, 2RL, 2RR are uniformized for well controlling
riding comfort of the motor vehicle at all times.

In the above illustrated embodiment, the corrective
values AV1, AV2 for correcting the threshold values,
1.e., the upper and lower limits VreflFL, Vref2fl are of
preset values. However, the corrective values AV1,
AV2 may be determined depending on the difference
between the damping force switchover frequency of
each shock absorber and the average damping force
switchover frequency According to such a modifica-
tion, the damping force switchover frequency can be
uniformized faster because the upper and lower limits
VreflFL, Vref2FL are corrected to a larger extent as
the damping force switchover frequencies of the shock
absorbers 2FL, 2FR, 2RL, 2RR are different from each
other to a greater extent.

In the above embodiment, the threshold values are
corrected so that the damping force switchover fre-
quencies of the shock absorbers 2FL., 2FR, 2RL, 2RR
are uniformized. Actual roads are usually more bumpy
on shoulders than on centers. Therefore, the threshold
values for the left and right shock absorbers may inde-
pendently be corrected as shown in steps 700 through
740 1n F1G. 11A and steps 800 through 840 in FIG. 11B.
The steps 800 through 840 show the process of correct-
ing the threshold values for the shock absorber 2FL.
The threshold values for the shock absorbers 2FR,
2RL, 2RR are also corrected in the same manner as
shown in FIG. 11B, using average switchover counts
nR, nL, nR, respectively

Well paved roads such as express highways are not
bumpy and are very smooth. When the motor vehicle
runs on such smooth roads, it is desirable that the damp-

ing force switchover frequencies of all the shock ab-
sorbers 2FL, 2FR, 2RL, 2RR be uniformized.



13

FIG. 12 shows a process of correcting the threshold
values under such circumstances. First, a step 500 calcu-
lates an average vehicle speed Sa of the motor vehicle
- from the previous threshold value learning cycle up to
the present threshold value learning cycle. Then, a step 5
510 determines whether the average vehicle speed Sa is
equal to or higher than a predetermined speed So (e. g2
60 km/h) or not, thereby determining whether the
motor vehicle is running on an express hlghway or not.
If 1t is determined that the motor vehicle is running on
an express highway, then the threshold values (upper
and lower limits) are corrected based on the average
count of damping force switchovers of all the shock
absorbers in a step 520 in the same manner as described
above with reference to FIGS. 10A and 10B. If 1t 1s
determined that the motor vehicle is not running on an
express highway, then the average count of damping
force switchovers of the front and rear shock absorbers
on each of the left and right sides is determined, and
~ then the threshold values (upper and lower limits) for
the front and left shock absorbers on each of the left and
right sides are corrected in steps 530, 540.

When the threshold values for the left and right
- shock absorbers are corrected independently of each
other, it may not be necessary to calculate the average
count of damping force switchovers of the front and
rear shock absorbers on each of the left and right sides.
Rather, each time the damping force of one of the front
and rear shock absorbers is switched over, it may be

confirmed how the damping force of the other shock
~ absorber i1s switched over, and the threshold values
(upper and lower limits) may be corrected for each
bump on the road over which the motor vehicle runs.

For such a modified control process, a routine for
calculating the threshold values as shown in FIG. 13
may repeatedly be executed, together with the damping
force switchover process, for the shock absorbers on
each of the left and right sides of the motor vehicle.
~ * According to the process shown in FIG. 13, a step

600 determines whether the damping force of the front 4
shock absorber is switched over to a low level. If
switched over to a low level, then a step 610 determines
whether the damping force of the rear shock absorber is
also switched over to a low level after the motor vehi-
cle has run over a distance equal to the wheelbase 45
thereof. If not switched over, then a step 620 determines
whether the motor vehicle is running straight ahead. If
the motor vehicle is running straight, the threshold
values VreflF, Vref2F and VreflR, Vref2R for the
front and rear shock absorbers are corrected in a step s
630 according to the following equations:
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VreflLF()=VrefiF(i— 1)+ AV

Vref2Fi)= VreftRi~1)— AV .

VrefIR(D)= VrefIR(i—1)—AV

Vref2R(D) = Vref2R(i --l D4AV

Then, a step 640 determines whether the damping force 60
of the rear shock absorber is switched over to a low
level. If switched over to a low level, then a step 650
determines whether the damping force of the front
- shock absorber is also switched over to a low level after
the motor vehicle has run over a distance equal to the 65
wheelbase thereof. If not switched over, then a step 660
determines whether the motor vehicle is running -
straight ahead. If the motor vehicle is running straight,
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the threshold values VreflF, Vref2F and VreflR,
Vref2R for the front and rear shock absorbers are cor-

rected in a step 670 according to the following equa-
tions:

Vee 1IN =VreAF(i—1)—AV

Vre 2= Vref2Ki— 1)+ AV

VrefIR())= VrefIR(i— 1)+ AV

VreﬂR(:’): VrefAR(i—1)—AV

In the above threshold learning process, the steps 630,
670 correct the threshold values for the front and rear
shock absorbers after the steps 620, 660 have confirmed
that the motor vehicle is running straight ahead. This is
because when the motor vehicle is making a turn, the
front and rear road wheels move along different paths
on the road, and hence the front and rear shock absorb-
ers do not expand and contract in the same manner. The

- straight running of the motor vehicle may be detected

by detecting the steered condition of the steering wheel
of the motor vehicle. The steered condition may 'be
detected by a steered angle sensor which detects an
angle through which the steering wheel is turned.

The threshold values thus learned may be stored in a

‘backup memory in the electronic controller 4 so that
- the stored threshold values will not be erased even after

the ignition key is turned off.

While the piezoelectric sensors are incorporated in
the respective shock absorbers in the illustrated embodi-
ment, they may be incorporated in only the front left
and right shock absorbers. With such a modified ar-
rangement, the damping forces are switched over ac-
cording to a process indicated by steps 900 through 940
in FIG. 14A and steps 1000 through 1080 in FIG. 14B,
so that the front and rear shock absorbers on each of the
left and right sides are commonly controlled. The
threshold values are learned according to a process
indicated by steps 1100 through 1120 in FIG. 15, in
which the average count n of damping force switch-
overs of only the front shock absorbers is determined in
the step 1100. The steps 1110, 1120 are the same as the
process of FIG. 10B.

While the average count n of damping force switch-
overs 1s employed as a reference value for determining
damping force switchover frequencies, a fixed value
may instead be used as such a reference value.

Although certain preferred embodiments have been
shown and described, it should be understood that
many changes and modifications may be made therein
without departing from the scope of the appended
claims.

What is claimed is:

1. A damping force control system in a motor vehicle
having a motor vehicle body and road wheels rotatably
supported on the motor vehicle body, sald damping
force control system comprising:

front left, rear left, front right, and rear right shock

absorbers coupled between a motor vehicle body
and the respective road wheels and having damp-
ing force modes selectively variable into at least
two levels:

detecting means, operatively coupled with said shock

absorbers, for detecting the accelerations of expan-
sion and contraction of at least two of said front
left, rear left, front right, and rear right shock ab-
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sorbers, respectively, said detected accelerations
being representative of rates of change of damping
forces in each of said at least two shock absorbers,
respectively;

control means, in communication with said detecting

means, for comparing said detected accelerations
of expansion and contraction with a preset refer-
ence acceleration for each of said at least two

shock absorbers, respectively, and for individually
selecting said damping force modes of each of said
at least two shock absorbers as a result of the com-
parison by said control means; |

comparing means, capable of monitoring the output
of said control means for calculating a frequency of
selection of said damping force modes of each of
said at lest two shock absorbers by said control
means, in a predetermined period of time, and for
comparing each of said calculated frequencies with
a reference frequency; and

correcting means for correcting each of said preset
reference accelerations individually as a result of
the comparison by said comparing means so that
one of the following will occur, said damping force
modes of each of said at least two shock absorbers
will be selected at a uniform frequency by said
control means and damping force modes of the
front left and rear left shock absorbers and the
damping forces of the front right and rear right
shock absorbers will be selected at a uniform fre-
quency by said control means.

2. A damping force control system according to
claim 1, wherein said detecting means comprises means
for detecting the accelerations of expansion and con-
traction of all of said shock absorbers, and said compar-
ing means comprises means for averaging the frequen-
ctes of selection over of the damping force modes of all
of said shock absorbers and for employing the average
frequency as said reference frequency, and wherein said
correcting means comprises ‘means for increasing or
reducing said preset accelerations so that the damping
force modes of all of said shock absorbers will be
switched over at said uniform frequency.

3. A damping force control system according to
claim 1, wherein said detecting means comprises means
for detecting the accelerations of expansion and con-
traction of all of said shock absorbers, and said compar-
ing means comprises means for averaging the frequen-
cies of selection over of the damping force modes of
said front left and rear left shock absorbers and the
frequencies of selection over of the damping force
modes of said front right and rear right shock absorbers
and for employing each of the average frequencies as
said reference frequency, and wherein said correcting
means comprises means for increasing or reducing said
preset accelerations so that the damping force modes of
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the front left and rear left shock absorbers and the
damping forces of the front right and rear right shock
absorbers will be selected at said uniform frequency.
4. A damping force control system according to
claim 1, wherein said detecting means comprises means
for detecting the accelerations of expansion and con-

traction of the front left and front right shock absorbers,
and said comparing means comprises means for averag-

ing the frequencies of selection over of the damping
force modes of said front left and front right shock
absorbers for employing the average frequency as said
reference frequency, and wherein said correcting means
comprises means for increasing or reducing said preset
accelerations so that the damping force: modes of the
front left and front right shock absorbers will be se-
lected at said constant frequency, and said control
means comprises means for selecting the damping force
modes of the front left and front right shock absorbers
to one of said two levels, and for selecting the damping
force modes of the rear left and rear right shock absorb-
ers to one of said two levels. |
5. A damping force control system in a motor vehicle
having a motor vehicle body and front and rear road
wheels rotatably supported on the motor vehicle body,
said damping force control system comprising:
shock absorbers coupled between a motor vehicle
body and the respective front and rear road wheels
and having damping force modes, selectively vari-
able into at least two levels;
detecting means, operatively coupled to said shock
absorbers, for detecting accelerations of expansion
and contraction of said shock absorbers:
control means for comparing said detected accelera-
tions of expansion and contraction with preset ac-
celerations respectively, for individually selecting
said damping forces modes of said shock absorbers
as a result of the comparison by the control means,
and for determining if the motor vehicle is running
straight ahead;
selection comparing means for comparing a selection
condition of said damping force modes of said
shock absorbers associated with said front road
wheels with a selection condition of said damping
forces of the shock absorbers associated with the
rear road wheels while the motor vehicle is run-
ning straight ahead; and |
correcting means for correcting said preset accelera-
tions as a result of the comparison by said selection
comparing means so that said damping force mode
of said shock absorbers associated with the front
and rear road wheels will be switched over to one
of said two levels by said control means while the

motor vehicle 1s running straight ahead.
X %X %X =X =
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